Brown dwarfs are important objects because they may provide a missing link between stars and planets, two populations that have dramatically different formation history. In this paper, we present the candidate binaries with brown dwarf companions that are found by analyzing binary microlensing events discovered during 2004 -2011 observation seasons. Based on the low mass ratio criterion of q < 0.2, we found 7 candidate events, including
INTRODUCTION
Brown dwarfs are sub-stellar objects that are too low in mass to sustain hydrogen fusion reactions in their cores but much higher than planets. Studies of brown dwarfs are important because they may provide a missing link between stars and planets (Kulkarni 1997) , two populations that have dramatically different formation history. In addition, the Galaxy may be teeming with brown dwarfs although there is no evidence for a large population of brown dwarfs from current observations (Graff & Freese 1996; Najita et al. 2000; Tisserand et al. 2007) . Brown dwarfs had long been thought to exist based on theoretical considerations (Kumar 1969) . However, these objects are intrinsically faint and thus the first confirmed brown dwarf was not discovered until 1995 (Rebolo et al. 1995; Nakajima 1995) .
There have been 2 major methods of detecting brown dwarfs. The first is direct imaging by using ground (e.g., Schuh 2003 ) and space-borne (e.g., Mainzer 2011) infrared instruments. As in the case of extrasolar planets, brown dwarfs can also be indirectly discovered by detecting wobbles in the motion of the companion star or the flux decrease of the companion star caused by the brown dwarf occulting the companion star.
Microlensing is also an effective method to detect brown dwarfs. Gravitational microlensing refers to the astronomical phenomenon wherein the brightness of a star is magnified by the bending of light caused by the gravity of an intervening object (lens) between the background star (source) and an observer. Since the phenomenon occurs regardless of the lens brightness, microlensing was proposed to detect dark components of the Galaxy such as black holes, neutron stars, and brown dwarfs (Paczyński 1986) .
Although effective, the application of the microlensing method in brown dwarf detections has been limited. The main reason for this is the difficulty in distinguishing brown dwarf events from those produced by main sequence stars. For general lensing events in which a single mass causes the brightening of a background star, the magnification of the lensed star flux depends on the projected lens-source separation, u, by
where the lens-source separation is normalized by the radius of the Einstein ring, θ E (Einstein radius). The lens-source separation is related to the lensing parameters of the time scale for the source to cross the Einstein radius, t E (Einstein time scale), the time of the closest lens-source approach, t 0 , and the lens-source separation at the moment of the closest approach, u 0 (impact parameter), by
Among these lensing parameters, only the Einstein time scale provides information about the physical parameters of the lens. However, it results from the combination of the lens mass, distance, and transverse speed of the relative lenssource motion and thus it is difficult to uniquely determine the mass of the lensing object. Not knowing the mass, then, it is difficult to single out brown dwarf events from those produced by stars. In principle, it is possible to measure the lens mass by additionally measuring the Einstein radius and the lens parallax, which are respectively related to the physical parameters of the lens by
and
where
, M is the mass of the lens, and D L and D S are the distances to the lens and source star, respectively. The Einstein radius is measured by analyzing the distortion of the lensing light curve affected by the finite size of the source star (Nemiroff & Wickramasinghe 1994; Witt & Mao 1994; Gould 1994) , while the lens parallax is measured by analyzing the deviation in a lensing light curve caused by the deviation of the relative lens-source motion from a rectilinear one due to the change of the observer's position induced by the orbital motion of the Earth around the Sun (Gould 1992) . Unfortunately, the chance of simultaneously measuring θ E and π E is very low for a single-lens event.
The finite source effect is important only for very high magnification events, for which the lens-source separation is comparable to the source size (Choi et al. 2012 ), but these events are very rare. The parallax effect is important only for events with time scales that are a significant fraction of the orbital period of the Earth, i.e. 1 yr. However, such long time-scale events are unlikely to be produced by low mass brown dwarfs because t E ∝ M 1/2 . As a result, there exist only two cases for which the lens of a single lensing event was identified as a brown dwarf (Smith et al. 2003; Gould et al. 2009) 1 . In binary lensing events, in which the lens is composed of two masses, on the other hand, the chance to identify the lens as a brown dwarf is relatively high. There are several reasons for this. First, for binary lensing events, it is possible to routinely measure the mass ratio, q, of the lens components. Then, brown dwarf candidates can be sorted out based on the first order criterion of small mass ratios. Second, the majority of binary lensing events involves caustic crossings (Schneider & Weiß 1986; Mao & Paczyński 1991) . The caustics represent the positions on the source plane at which the lensing magnification of a point source becomes infinite. The caustic-crossing part of a lensing light curve varies depending on the source size. Analysis of the light curve affected by this finite source effect allows one to measure the Einstein radius, which allows for better constraint on the lens mass. Third, the chance to measure the lens parallax is high, too. This is because the duration of an event corresponds to the total mass of the binary lens system not the low mass component and thus the average time scale of a binary lens event is longer than that of a single lens event.
Despite these advantages, there exists only one event (OGLE-2008-BLG-510) for which the companion of a binary lens is known to be a brown dwarf candidate (Bozza et al. 2012) . The main reason for the rarity of brown dwarf events is the difficulty in analyzing binary lensing light curves due to the complexity of the light curves. For binary lensing events in which the mass ratio between the lens components is very low as in the case of a binary composed of a star and a planet, the signature of the low mass companion appears as a short term deviation on the top of an otherwise smooth and symmetric single lensing light curve of the primary. As a result, identification and analysis of planetary events are relatively simple, resulting in more than 20 identified microlensing planets. However, the perturbative nature of the companion breaks down and the light curve becomes very complex for binaries with mass ratios greater than q ∼ 0.1, which corresponds to the mass ratio of a typical binary lens composed of a brown dwarf and a star. This introduces difficulties in the immediate identification of a brown dwarf event. A firm identification of a brown dwarf event requires detailed modeling of lensing light curves. Unfortunately, modeling light curves of binary lensing events is a difficult task due to the complexity of χ 2 surface in the parameter space combined with the heavy computation required for analysis. As a result, detailed modeling of binary events was conducted for a small subset of events, resulting in a small number of identified brown dwarfs. In recent years, however, there has been great progress in the analysis of binary events with the development of analysis methods based on advanced logic combined with improved computing power. This progress made the analysis not only more precise but also faster. As a result, nearly all binary lensing events are routinely modeled in real time with the progress of events in current microlensing experiments (Ryu et al. 2010; Bozza et al. 2012) .
In this paper, we present brown dwarf candidates found from the analyses of binary lensing events detected from microlensing experiments conducted from 2004 to 2011. In §2, we describe the criteria of choosing brown dwarf candidates, observation of events, and data reduction. In §3, we describe the procedure of modeling. In §4, we present the results of the analysis. In §5, we draw our conclusions.
SAMPLE AND OBSERVATIONS
To search for brown dwarf candidates, we investigate binary lensing events discovered during 2004 -2011 microlensing observation seasons. Considering that typical Galactic microlensing events are produced by low mass stars (Han & Gould 2003) , the lower mass companion of an event with a mass ratio q < 0.2 is likely to be a brown dwarf candidate. Therefore, we sort out brown dwarf candidate events with the criterion of q < 0.2. For this, we conduct modeling of all binary lensing events with relatively good light curve coverage combined with obvious binary lensing features such as the spikes caused by crossings over the fold or approaches to the cusp of a caustic. The good coverage criterion is needed to secure the mass ratio measurement. The criterion of the characteristic features is needed because it is known that binary lensing events with weak signals can often be interpreted as other types of anomalies such as binary sources (Jaroszyński & Skowron 2008) . For binary lensing events detected before 2008, we also refer to the previous analyses conducted by Jaroszyński et al. (2006) , Skowron et al. (2007) , and Jaroszyński et al. (2010) . In Table 1 , we list the candidate events that are analyzed in this work along with the equatorial and Galactic coordinates of the lensed stars. The name of each lensing event is formed by taking the survey group who discovered the event (i.e. OGLE or MOA), followed by the year of discovery (e.g. 2004) , the direction of the observation field ("BLG" designating the Galactic bulge field), and a sequential number assigned to the event. If an event is discovered independently by two different groups, they are named separately. Among 7 events, 5 were additionally observed by follow-up observation groups including µFUN (Gould 2006) , PLANET (Beaulieu et al. 2006) , RoboNet (Tsapras et al. 2009 ), and MiNDSTEp (Dominik et al. 2010 ). In Table 2 , we list the Photometric reductions were carried out using photometry codes developed by the individual groups. The OGLE and MOA data were reduced by the photometry codes developed by Udalski (2003) and Bond et al. (2001) , respectively, which are based on the Difference Image Analysis method (Alard & Lupton 1998) . The µFUN data were processed using a pipeline based on the DoPHOT software (Schechter et al. 1993) . For PLANET and MiNDSTEp data, a pipeline based on the pySIS software (Albrow et al. 2009 ) is used. For the reduction of RoboNet data, the DanDIA pipeline (Bramich 2008 ) is used. Photometry errors of the individual data sets were rescaled so that χ 2 per degree of freedom becomes unity for the data set of each observatory, where χ 2 is estimated based on the best fit model. We eliminate data points with large errors and those lying beyond 3σ from the best fit model to minimize their effect on modeling. In Figures  1 -7 , we present the light curves of the events.
MODELING
In the analyses of each lensing light curve, we search for the solution of lensing parameters that yield the best fit to the observed light curve. The basic structure of a binary lensing light curve is described by 7 parameters. The first three parameters t 0 , u 0 , and t E are identical to those of a singlelensing event and they specify the source motion with respect to the lens. The next 3 parameters describe the binary lens system, including the projected separation between lens components in units of the Einstein radius, s, the mass ratio between the lens components, q, and the angle between source trajectory and the binary axis, α. The final parameter is the source radius, θ ⋆ , normalized to the Einstein radius, ρ ⋆ = θ ⋆ /θ E (normalized source radius). The normalized source radius is needed to account for dilution of the lensing magnification caused by the finite size of the source. The finite source effect is important when the source is located at a position where the magnification varies very rapidly such as near the caustic and thus different parts of the source star are magnified by different amounts. In addition to these basic binary lensing parameters, it is often needed to consider the parallax effect for a fraction of events with long time scales. To describe the lens parallax effect, it is required to include the two additional parameters, π E,N and π E,E , which represent the two components of the lens parallax vector π E projected on the sky along the north and east equatorial coordinates, respectively. The size of the lens parallax vector corresponds to the ratio of the Earth's orbit to the Einstein radius projected on the observer observer's plane, i.e.
where r E = D L θ E is the physical size of the Einstein radius. See Equation (4).
In the analysis, we search for the best fit solution in two steps. In the first step, grid search is conducted for a subset of parameters while other parameters are optimized by using a downhill approach (Dong et al. 2006) . By inspecting the χ 2 distribution in the grid parameter space, we identify local minima. In the second step, we investigate the individual local minima and further refine the solutions by allowing all parameters to vary. Once the solutions corresponding to the local minima are found, we choose the best fit solution by comparing the χ 2 values of the individual local minima. In this process, we also identify possible degenerate solutions resulting from various causes. We set s, q, and α as grid parameters because these parameters are related to light curve features in a complex way such that a small change in the values of the parameters can lead to dramatic changes in the We use the inverse ray-shooting technique (Schneider & Weiß 1986; Kayser et al. 1986; Wambsganss 1997) to compute magnifications of events affected by the finite source effect. In this numerical method, rays are uniformly shot from the image plane, bent by the lens equation, and land on the source plane. Then, the finite magnification is computed as the ratio of the number density of rays on the source plane to that on the image plane. The lens equation for a binary lens, which describes the relation between the positions of a ray on the image and source planes, is represented by
where m 1 = 1/(1 + q) and m 2 = qm 1 are the mass fractions of the binary lens components, ζ = ξ + iη, z = x + iy, and z L = x L + iy L represent the complex notations of the source, image, and lens locations, respectively, andz denotes the complex conjugate of z. The ray-shooting method requires heavy computation. We thus minimize computation time by applying the ray-shooting method only when the source crosses or approaches very close to caustics and utilizing the semi-analytic hexadecapole approximation (Gould 2008; Pejcha & Heyrovský 2009 ) in the adjacent area.
In computing finite magnifications, we consider the variation of the magnification caused by the limb-darkening of the source star surface for events with well-resolved features involving caustics. In our model, the surface brightness profile is described by
where Γ λ is the linear limb-darkening coefficient, F λ is the source star flux, and ψ is the angle between the normal to the source star's surface and the line of sight toward the star. We set the limb-darkening coefficients corresponding to the source type that are determined based on the color and magnitude of the source. In Table 3 , we present the adopted limbdarkening coefficients, corresponding source types, and the measured de-reddened color along with the assumed values of the effective temperature, T eff , the surface turbulence velocity, v turb , and the surface gravity, log g. For all 7 events, we conduct modeling based on the 7 basic binary lensing parameters. We carry out additional mod- eling considering the parallax effect for events with Einstein time scales t E > 30 days. When the parallax effect is considered, we separately investigate solutions with impact parameters u 0 > 0 and u 0 < 0. This is because the lensing light curves resulting from the source trajectories with +u 0 and −u 0 are different due to the asymmetry of the trajectory caused by the parallax effect, while the light curves are identical when the trajectories are straight lines due to the symmetry of the magnification pattern with respect to the binary axis.
RESULTS
In Table 4 , we present the solutions of the parameters determined from modeling for the individual events. For events where the additional parallax modeling is conducted, we also list the parallax solution. In addition, we present the solutions of local minima if they exist. The model light curves resulting from the best fit solutions of the individual events are presented on the top of the observed data points in Figures  1 -7 . In Figure 8 , we also present the geometry of the lens system corresponding to the best fit solution of each event. Based on the best fit solutions, it is found that the mass ratios of the analyzed events are in the range 0.09 < q < 0.20, indicating that the lower mass companions of the lenses are strong brown dwarf candidates.
For 3 out of the total 7 events, it is found that there exist local minima other than the best fit solution. The events with degenerate solutions include MOA-2011 -BLG-104/OGLE-2011 -BLG-0172, MOA-2011 -BLG-149, and MOA-2011 -BLG-278/OGLE-2011 . For all of these events, the degeneracy is caused by the symmetry of the lens equations between the close (s < 1) and wide (s > 1) binaries which is known as the "close/wide binary degeneracy" (Dominik 1999) . For MOA-2011 -BLG-104/OGLE-2011 -BLG-0172 and MOA-2011 , the degeneracy is very severe with ∆χ 2 = 2.5 and 3.1, respectively. For MOA-2011-BLG-278/OGLE-2011-BLG-012N, the degeneracy is less severe and the wide binary solution is preferred over the close binary solution with ∆χ 2 = 259.4. We note that the mass ratios of the pair of close and wide binary solutions are similar to each other although the binary separations are very different. Therefore, the degeneracy does not affect the brown dwarf candidacy of the lens.
For three events, it is possible to measure the lens mass by simultaneously measuring the lens parallax and the Einstein radius. With these values, the lens mass and distance are de- termined by
respectively. Here π S = AU/D S represents the parallax of the source star.
For MOA-2011 -BLG-104/OGLE-2011 , the value of the lens parallax measured from modeling is π E = (π E,N 2 + π E,E 2 ) 1/2 = 0.34 ± 0.21. The Einstein radius is measured based on the normalized source radius determined from modeling combined with the information of the angular source size by θ E = θ ⋆ /ρ ⋆ . The angular source size is assessed from the de-reddened color and brightness of the source star, which are estimated based on the source brightness measured in V and I pass bands and calibrated by the relative position of the source on the color-magnitude diagram with respect to a reference (Yoo et al. 2004) . We use the centroid of bulge giant clump as the reference because its de-reddened brightness of I 0,c = 14.45 at the Galactocentric distance (Nataf & Gould 2012) 2 and the color of (V − I) 0,c = 1.06 (Bensby et al. 2011 ) are known. We measure the de-reddened color and brightness of the source star to be (V − I, I) 0,s = (0.70, 18.15) . Figure  9 shows the locations of the source star and the centroid of the giant clump in the color-magnitude diagram that is constructed based on the CTIO data. After the initial photometric characterization of the source, we learned that spectroscopic observation is conducted when the source was highly magnified (Bensby 2012, private communication) . From this spectroscopic observation, the de-reddened color of the source star is estimated as (V − I) 0,s = 0.62, which is adopted for our analysis. Once the de-reddened V − I color of the source star is measured, it is translated into V − K color by using the V − I versus V − K relations of Bessell & Brett (1988) and then the source angular radius is estimated by using the relation between the V − K color and the angular radius given by Kervella et al. (2004) . The measured angular source radius and the Einstein radius are θ ⋆ = (0.68 ± 0.06) µas and θ E = (0.54 ± 0.07) mas, respectively. With the measured Einstein radius, the mass and distance to the lens are estimated as M = (0.20 ± 0.12) M ⊙ and D L = (3.29 ± 1.20) kpc, respectively. Then, the corresponding masses of the primary and the companion are M 1 = M/(1 + q) = (0.18 ± 0.11) M ⊙ and M 2 = qM 1 = (0.02 ± 0.01) M ⊙ , respectively. Therefore, the binary lens is composed of a low mass M dwarf and a brown dwarf.
For MOA-2011-BLG-149, the lens parallax is also measured with π E = 0.78 ± 0.04. For this event, however, multiband (V and I) observations taken at a single observatory (CTIO) covered only near the high magnification peak of the light curve. As a result, the source brightness in both bands cannot be estimated by the usual method based on modeling. Fortunately, there exists no significant blending for this event and thus the color measured at the peak can be approximated as the source color. From the source brightness and magnification at the peak, we also estimate the baseline source brightness. The source location estimated in this way is plotted on the color-magnitude diagram presented in Figure 9 . Once the source location is determined, the de-reddened color and brightness are determined by the usual way of using the clump centroid. The measured values are (V − I, I) 0,s = (1.64, 20.8), which correspond to those of a Galactic bulge K-type dwarf with an angular radius of θ ⋆ = (0.46 ± 0.04) µas. Then, the estimated Einstein radius is θ E = (1.04 ± 0.10) mas and the resulting lens mass and distance are M = (0.16 ± 0.02) M ⊙ and D L = (1.07 ± 0.10) kpc, respectively. The masses of the individual lens components are M 1 = (0.14 ± 0.02) M ⊙ and M 2 = (0.019 ± 0.002) M ⊙ , respectively. Therefore, the lens system is also composed of a low mass M dwarf and a brown dwarf.
For another parallax event OGLE-2004-BLG-035, no multi-band observation is conducted. However, the source star of the event is very bright, implying that the source flux is not much affected by blended light. Under this approximation, we measure the source color in the OGLE catalog. Based on this approximate color combined with the giant clump lo-cation, we estimate the de-reddened color and brightness of the source star of (V −I, I) 0,s = (1.19, 15.83), which correspond to the values of a low luminosity giant star with a source radius of θ ⋆ = (3.72 ± 0.32) µas. Considering that there exists a non-zero blended flux fraction F b /F tot ∼ 20%, we decrease the source radius by ∼ (F b /F tot )/2 = 10%. The obtained Einstein radius is θ E = (1.40 ± 0.21) mas. Then, the mass of the lens system is M = (2.48 ± 0.87) M ⊙ and thus the mass of the companion is M 2 = (0.29 ± 0.10) M ⊙ . The companion mass is greater than the upper mass limit of brown dwarfs of 0.08 M ⊙ . The number of microlensing brown dwarfs is expected to increase with the improvement of lensing surveys and analysis technique. With the adoption of a new wide field camera, the number of lensing events detected by the OGLE survey is increased by a factor more than 2. In addition, a new survey based on a network of 3 telescopes located at three different locations of the Southern Hemisphere (Korea Microlensing Telescope Network) is planned to operate from the 2014 season. Along with the improvement in the observational side, the analysis technique has greatly improved for the last several years, enabling prompt and precise analysis of a large number of anomalous events. With this improvement, the number of microlensing brown dwarfs will rapidly increase, making microlensing one of the major methods in the discovery of brown dwarfs. 
